Mass spectra of strange baryons are calculated in the framework of the relativistic quark model based on the quasipotential approach. Baryons are treated as the relativistic quark-diquark bound systems. It is assumed that two quarks with equal constituent masses form a diquark. The diquark excitations and its internal structure are consistently taken into account. Calculations are performed up to rather high orbital and radial excitations of strange baryons. On this basis the Regge trajectories are constructed. The obtained results are compared with available experimental data and previous predictions. It is found that all masses of the 4-and 3-star, as well as most of the 2-and 1-star states of strange baryons with established quantum numbers are well reproduced. The developed relativistic quark-diquark model predicts less excited states than three-quark models of strange baryons.
I. INTRODUCTION
At present the extensive evidence (including lattice calculations) of the existence of diquark correlations in hadrons was collected.
1 It continues constantly growing with the accumulation of new data on various properties of light and heavy hadrons [1] . Thus recently several charged charmonium-and bottomonium-like states were discovered [1, 2] . They should be inevitably multiquark, at least four quark -tetraquark, states. One of the most successful pictures of such tetraquark states is the diquark-antidiquark model [3, 4] . In the light meson sector it has been argued for a long time that mesons forming the inverted lightest scalar nonet can be well described as tetraquarks [5] treated as diquark-antidiquark bound states [6, 7] . In the baryon sector it is well known that the number of observed excited states both in the light and heavy sectors is considerably lower than the number of excited states predicted in the three-quark picture [8] [9] [10] [11] . The introduction of diquarks significantly reduces this number of baryon states since in such a picture some of degrees of freedom are frozen and thus the number of possible excitations is substantially smaller.
In our previous papers we developed the relativistic quark-diquark model of doubly heavy [12] and heavy baryons [13, 14] . We assumed that two heavy quarks in a doubly heavy baryon and two light quarks in a heavy baryon form a diquark. The relativistic quasipotential equation with the QCD-motivated quark-quark interaction was solved for obtaining diquark characteristics, such as the diquark masses and form factors. The calculation of the diquark form factors is necessary for taking into account the diquark internal structure. For doubly heavy diquarks [12] we considered both ground and excited states, while for light diquarks [13] we limited ourselves by only ground state scalar and axial vector diquarks. Then the baryon masses were calculated by solving the relativistic quark-diquark equation. It was found that the heavy baryon spectra are well described in the proposed approach [13, 14] . The calculated baryon wave functions were used for the description of weak decays of the doubly heavy and heavy baryons in Refs. [15, 16] .
Here we extend our relativistic quark-diquark model for the calculation of the mass spectra of strange baryons. These baryons are considered as the bound systems of a quark and diquark, where we assume that a diquark is composed from quarks of the same constituent mass. Thus Λ and Σ baryons contain the strange s quark and the light(q = u, d) diquark, while Ξ and Ω baryons contain the light q or strange s quark and the strange ss diquark. Our analysis of the strange baryon spectroscopy shows that it is necessary to consider both ground and excited states of these diquarks. As the result the number of obtained baryon states is increased, however it is still significantly less than in the three-quark approaches. The differences become evident for the higher quark excitations in a baryon. Our goal is to calculate the strange baryon spectra up to rather high orbital and radial excitations. On this basis the Regge trajectories for these baryons can be constructed and their linearity can be tested. Moreover, the comparison of the Regge trajectory slopes for strange and charmed baryons as well as light mesons can be made.
The paper is organized as follows. In Sec. II we briefly describe our relativistic quarkdiquark model of baryons. Expressions for the quasipotentials of the quark-quark interaction in a diquark and the quark-diquark interaction in a baryon are given which include both the spin-independent and spin-dependent relativistic contributions. Masses and form factor parameters of ground and excited states of diquarks are calculated. In Sec. III the mass spectra of strange baryons are considered. The obtained results are confronted with available experimental data and predictions of other approaches. We calculate the strange baryon masses up to rather high orbital and radial excitations in the quark-diquark bound system. This allows us to construct their Regge trajectories which are presented in Sec. IV. The corresponding slopes and intercepts are determined. Finally, we give our conclusions in Sec. V.
II. RELATIVISTIC QUARK-DIQUARK MODEL
For the calculations of the strange baryon spectra we employ the quasipotential approach and quark-diquark picture of baryons which was previously used for the investigation of the heavy baryon spectroscopy [13, 14] . In our present analysis we closely follow these considerations. The interaction of two quarks in a diquark and the quark-diquark interaction in a baryon are described by the diquark wave function Ψ d of the bound quark-quark state and by the baryon wave function Ψ B of the bound quark-diquark state respectively, which satisfy the quasipotential equation of the Schrödinger type [17] 
where the relativistic reduced mass is
and M is the bound state mass (diquark or baryon), m 1,2 are the masses of quarks (q 1 and q 2 ) which form the diquark or of the diquark (d) and quark (q) which form the baryon (B), and p is their relative momentum. In the center of mass system the relative momentum squared on mass shell reads
The kernel V (p, q; M) in Eq. (1) is the quasipotential operator of the quark-quark or quark-diquark interaction which is constructed with the help of the off-mass-shell scattering amplitude, projected onto the positive energy states. We assume that the effective interaction is the sum of the usual one-gluon exchange term and the mixture of long-range vector and scalar linear confining potentials, where the vector confining potential contains the Pauli term. The details can be found in Refs. [13, 14] . The resulting quasipotentials are given by the following expressions.
(a) Quark-quark (qq) interaction in the diquark
with
where α s is the QCD coupling constant, d(P )|J µ |d(Q) is the vertex of the diquark-gluon interaction which takes into account the diquark internal structure and J d;µ is the effective long-range vector vertex of the diquark. The diquark momenta are
. D µν is the gluon propagator in the Coulomb gauge, k = p − q; γ µ and u(p) are the Dirac matrices and spinors, while ψ d (P ) is the diquark wave function [13] . The factor 1/2 in the quark-quark interaction accounts for the difference of the colour factor compared to the quark-antiquark case.
The effective long-range vector vertex of the quark is defined by [17] 
where κ is the anomalous chromomagnetic moment of quarks. In the nonrelativistic limit the vector and scalar confining potentials reduce to
where ε is the mixing coefficient. Thus in this limit the usual Cornell-like potential is reproduced where we use the QCD coupling constant with freezing
with the background mass M B = 2.24 √ A = 0.95 GeV [18] and Λ = 413 MeV [19] . All parameters of the model were fixed previously from calculations of meson and baryon properties [17] . The constituent quark masses m u = m d = 0.33 GeV, m s = 0.5 GeV and the parameters of the linear potential A = 0.18 GeV 2 and B = −0.3 GeV have the usual values of quark models. The value of the mixing coefficient of vector and scalar confining potentials ε = −1 and the universal Pauli interaction constant κ = −1. Note that the long-range chromomagnetic contribution to the potential, which is proportional to (1 + κ), vanishes for the chosen value of κ = −1.
First we calculate masses and form factors of the diquarks. The quasipotential equation (1) is solved numerically for the complete relativistic potential which depends on the diquark mass in a complicated highly nonlinear way [13] . In our approach we assume that diquarks in strange baryons are formed by the constituent quarks of the same mass, i.e. we consider only the ud, uu, dd and ss diquarks. Note that the ground state ud diquark can be both in scalar and axial vector state, while the ground state diquarks composed from quarks of the same flavour uu, dd and ss can be only in the axial vector state due to the Pauli principle. The obtained masses of the ground and excited states of diquarks are presented in Table I . The diquark state is characterized by the quark content, isospin I, radial quantum number n = 1, 2, 3 . . ., orbital momentum l = s, p and total angular momentum j = 0, 1, 2 (the diquark spin). In this table we also give the values of the parameters ξ and ζ. They enter the vertex d(P )|J µ |d(Q) of the diquark-gluon interaction (5) which is parameterized by the form factor
that takes the internal diquark structure into account [13] .
Next we calculate the masses of heavy baryons as the bound states of a quark and diquark. The quark-diquark potential is the sum of spin-independent and spin-dependent parts [13, 14] V (r) = V SI (r) + V SD (r).
The spin-independent V SI (r) part is given by
where the diquark and quark energies are defined by their on-mass-shell values [13] 
Here ∆ is the Laplace operator, andV Coul (r) is the smeared Coulomb potential which accounts for the diquark internal structurê
The spin-dependent potential has the following form [14] 
where L is the orbital angular momentum; S d and S q are the diquark and quark spin operators, respectively. The first two terms are the spin-orbit interactions, the third one is the tensor interaction and the last one is the spin-spin interaction. The coefficients a 1 , a 2 , b and c are expressed through the corresponding derivatives of the smeared Coulomb and confining potentials:
Note that both the one-gluon exchange and confining potentials contribute to the quarkdiquark spin-orbit interaction. The presence of the spin-orbit LS q and of the tensor terms in the quark-diquark potential (14)- (16) leads to a mixing of states with the same total angular momentum J and parity P but different diquark angular momentum (L + S d ). We consider such mixing in the same way as in the case of doubly heavy baryons [12] .
III. STRANGE BARYON MASSES
We solve numerically the quasipotential equation with the nonperturbative account for the relativistic dynamics both of quarks and diquarks. The calculated values of the ground and excited state baryon masses are presented in Tables II-VIII in comparison with available experimental data [1] . In the first column we show the baryon total spin J and parity P . In the next three columns experimental candidates are listed with their status and measured mass. In the fifth column we give the states of the quark-diquark system in a baryon and the quark-quark state in a diquark for which the following notations are used: NLnl j , where we first show the radial quantum number in the quark-diquark bound system (N = 1, 2, 3 . . .) and its orbital momentum by a capital letter (L = S, P, D . . .), then the radial quantum number of two quarks in a diquark (n = 1, 2, 3 . . .), their orbital momentum by a lowercase letter (l = s, p, d . . .) and their total momentum j (the diquark spin) in the subscript. Finally, in the last column our predictions for baryon masses are presented.
From Tables II-VIII we see that most of the observed 3-and 4-star states of strange baryons can be well described as ground and excited states of the quark-diquark bound system in which diquark is in the ground either scalar or axial vector state. However not all of these experimental states can be reproduced. Main deviations from this picture are found in the Λ sector which is better studied experimentally. Indeed the observed + 4-star Λ(1820) and 3-star Λ(2110) cannot be simultaneously described in such a simple picture since their mass differences (about 200 MeV) are too small to be attributed to the radial excitations in the quark-diquark bound system amounting to about 500 MeV. Therefore the consideration of excitations inside diquarks is necessary. As we can see from Tables II-VIII the account of diquark excitations allows us to describe all these states and, as a result, to get good agreement of the obtained predictions with data.
In Tables IX-XII we compare the results of our model with previous predictions in various theoretical approaches. The strange baryons were treated in a relativized version of the quark potential model in Ref. [20] . The relativistically covariant quark model based on the Bethe-Salpeter equation with instantaneous two-and three-body forces was employed in Ref. [21] . In Ref. [22] the relativistic quark model with the interquark interaction arising from the meson exchange was used. The authors of Ref. [23] made their calculations of baryon masses below 2 GeV in the relativistic interacting quark-diquark model with the Gürsey and Radicati-inspired exchange interaction. Note that in contrast to our approach, all possible types of ground-state scalar and axial vector diquarks, including qs (q = u or d), were used in Ref. [23] , but excitations of diquarks were not considered. Finally, the results of lattice calculations with two light dynamical chirally improved quarks corresponding to pion masses between 255 and 596 MeV [24] are given. From these tables we see that our diquark model predicts appreciably less states than the three-quark approaches. The differences become apparent with the growth of the orbital and radial excitations in the baryon. Our results turn out to be competitive with their predictions for the masses of the well established (4-and 3-star) resonances, which agree well with experimental data. For the less established (1-and 2-star) states situation is more complicated. First we discuss results for the Λ sector. It is necessary to emphasis that the experimental mass of the 1 2 − 4-star Λ(1405) is naturally reproduced if this state is considered as the first orbital excitation 1P in the strange quark-light scalar (1s 0 ) diquark picture of Λ baryons. The rather low mass of this state represents difficulties for most of the three-quark models [20] [21] [22] , which predict its mass about 100 MeV higher than experimental value. There are no theoretical candidates for the In the Σ sector all considered approaches cannot accommodate the − Σ(2100) candidates are by more than 100 MeV heavier than experimentally measured masses. All other known 2-and 1-star Σ states are described with reasonable accuracy.
In the Ξ sector only three (two 4-and one 3-star) states and in the Ω sector only one (4-star) state of the observed baryons have established quantum numbers. They are well described by our model. We have at least one candidate for each of the other eight Ξ (three of them have 3-stars) and three Ω (one of them has 3-stars) states given in PDG Listings [1] with the predicted masses close to the experimental values. However it will be too speculative to assign the quantum numbers to these states only on the basis of their masses. More experimental and theoretical input is needed.
IV. REGGE TRAJECTORIES OF STRANGE BARYONS
In the presented analysis we calculated masses of orbitally excited strange baryons up to rather high orbital excitation numbers: up to L = 5 in the quark-diquark bound system, where diquark is in the ground state. This makes it possible to construct the strange baryon Regge trajectories:
where α is the slope and α 0 is the intercept. In Figs. 1-3 we plot the Regge trajectories in the (J, M 2 ) plane for strange baryons with natural (P = (−1) J−1/2 ) and unnatural (P = (−1) J+1/2 ) parities. The masses calculated in our model are shown by diamonds. Available experimental data are given by dots with error bars and corresponding baryon names. Straight lines were obtained by the χ 2 fit of calculated values. The fitted slopes and intercepts of the Regge trajectories are given in Table XIII . We see that the calculated strange baryon masses lie on the linear trajectories. Baryon
0.923 ± 0.016 −0.648 ± 0.057 Λ ( The natural parity Λ Regge trajectory is the best studied experimentally. There are five well established (four 4-star and one 3-star) states [1] on this trajectory. The masses of these states calculated in our model agree well with data. Using the constructed Regge trajectory we can predict the mass of the − Λ state to be about 2605 MeV (see Table III ). This state could contribute to the Λ(2585) bumps observed with the mass ≈ 2585 MeV [1] . Each of the Σ Regge trajectories contains three well established states [1] , well fitting to the strait lines. Other trajectories are less motivated experimentally and contain at most two well established states.
Using the values of the slopes and intercepts of the Regge trajectories of the (see e.g. [25] [26] [27] and references therein). It is easy to check that the additivity of inverse slopes 1
factorization of slopes
and additivity of intercepts We can also compare the calculated slopes of the strange baryon Regge trajectories with our previous results for the slopes of heavy baryons [14] and light mesons [19] . Such comparison shows that the strange baryon slopes lie just in between the corresponding slopes of light mesons and charmed baryons. Moreover they follow the same pattern as the slopes of heavy baryons: the slope decreases with the increase of the diquark mass as well as with the increase of the parent baryon mass.
V. CONCLUSIONS
The mass spectra of strange baryons were calculated in the framework of the relativistic quark model based on the quasipotential approach. The quark-diquark picture, which had been previously successfully applied for the investigation of the spectroscopy of heavy baryons [13, 14] , was extended to the strange baryons. Such approach allows one to reduce very complicated relativistic three-body problem to the subsequent solutions of two two-body problems. It is assumed that the baryon is the bound quark-diquark system, where two quarks with equal constituent masses form a diquark. The diquarks are not treated to be the point-like objects. Instead their internal structure is taken into account by the introduction of the form factors expressed in terms of the diquark wave functions. The diquark masses and form factors were calculated using the solutions of the relativistic quasipotential equation with the kernel which nonperturbatively accounts for the relativistic effects. It was found that for the correct description of the strange baryon mass spectra it is necessary to consider not only the ground state scalar and axial vector diquarks, as we did in our previous study of heavy baryon spectroscopy [14] , but also their first orbital and radial excitations. The ground state and excited baryon masses were obtained by solving the relativistic quark-diquark quasipotential equation. Note that in our analysis we did not make any new assumptions about the quark interaction in baryons or introduce any new parameters. The values of all parameters were taken from previous considerations of meson properties. This significantly increases the reliability and predictive power of our approach. The masses of strange baryons were calculated up to rather high orbital and radial excitations. This allowed us to construct the Regge trajectories which were found to be linear. The validity of the proposed relations between the Regge slopes and intercepts was tested.
The obtained results were compared with available experimental data [1] and previous predictions within different theoretical approaches [20] [21] [22] [23] [24] . We found that all 4-and 3-star states of strange baryons with established quantum numbers are well reproduced in our model as well as most of the 2-and 1-star states. Possible candidates for the experimentally observed states with unknown quantum numbers can be identified. We emphasize that the experimental mass of the Λ(1405) is naturally reproduced in our model, while its rather low mass presents some difficulties for most of the three-quark models [20] [21] [22] . It is necessary to note that our quark-diquark picture predicts less excited states of strange baryons than the three-body approaches. The distinctions become apparent for higher baryon excitations. However the number of predicted strange baryon states still significantly exceeds the number of observed ones. Thus the experimental determination of the quantum numbers of the already observed Ξ and Ω excited states as well as the further search for the missing excited states of strange baryons represents highly promising and important problem.
